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HEAT TRANSFISR TO A GAS 
CONTAINING A CLOUD OF P A R T I C L E S  
J. A. McAlister, E. Y. H. Keng, and Clyde O r r ,  Jr. 
ABSTRACT 
The b a s i c  r a d i a t i o n  equations were so lved  t o  desc r ibe  t h e  r ad ian t  h e a t  
t r a n s f e r  from a black,  c y l i n d r i c a l  enc losure  uniformly r a d i a t i n g  t o  a b lack ,  
evenly d i spe r sed  p a r t i c l e  cloud contained wi th in .  Back thermal  r a d i a t i o n  
and r a d i a t i o n  s c a t t e r i n g  were considered n e g l i g i b l e .  
s en ted  g r a p h i c a l l y  i n  general ized form with a l l  v a r i a b l e s  be ing  dimensionless  
q u a n t i t i e s ,  and comparisons with experimental  data were shown. Equations 
were a l s o  presented  f o r  c a l c u l a t i n g  t h e  r a d i a t i o n  absorbed by a p a r t i c l e  
c loud w i t h i n  unheated segments of t h e  enc losure  ad jacen t  t o  t h e  r a d i a t i n g  
element. 
m i s s i v i t y  s t u d i e s  was included. 
The s o l u t i o n  was pre-  
A br ie f  d e s c r i p t i o n  of p a r t i c l e  deagglomeration and  cloud t r a n s -  
&@- 
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I. SUMMARY 
The purpose of t h i s  s tudy i s  t o  provide  b a s i c  information about t h e  
To date, t h e o r e t i c a l  and abso rp t ion  of r a d i a n t  energy by p a r t i c l e  c louds.  
experimental  s t u d i e s  of t h e  radiant h e a t  t r a n s f e r  i n  c y l i n d r i c a l  enc losures  
have been made. Other i n v e s t i g a t i o n s  concerning p a r t i c l e  c loud genera t ion ,  
r a d i a t i o n  t r a n s m i s s i v i t i e s , a n d  heat t r a n s f e r  t o  p a r t i c l e  c louds composed of 
submicron carbon p a r t i c l e s  a r e  i n  progress .  
A t h e o r e t i c a l  formulat ion,  descr ib ing  t h e  r a d i a n t  h e a t  t r a n s f e r  from 
a c y l i n d r i c a l  r a d i a t i n g  w a l l  t o  p a r t i c l e s  suspended wi th in  it, has been 
de r ived  by t h e  i n t e g r a t i o n  of bas i c  r a d i a t i o n  equat ions .  The r e s u l t  was 
gene ra l i zed  and presented  i n  graphica l  form s o  t h a t  r a d i a n t  h e a t  t r a n s f e r  
c a l c u l a t i o n s  may be made f o r  systems having p r a c t i c a l l y  any l eng th - to - r ad ius  
r a t i o  and having absorp t ion  c h a r a c t e r i s t i c s  ranging from nea r ly  t r a n s p a r e n t  
t o  a lmost  t o t a l l y  absorbing.  
r e s u l t  t o  be  exac t .  Some adjustments can be made f o r  imperfect  absorp t ion ,  
however. Fkperimental  da ta ,  previously c o l l e c t e d  i n  t h i s  study, were com- 
pared  wi th  t h e  t h e o r e t i c a l  p red ic t ions  and good agreement w a s  found. 
method f o r  c a l c u l a t i n g  t h e  r ad ian t  h e a t  t r a n s f e r  t o  p a r t i c l e s  i n  unheated 
ex tens ions  from a n  enc losure  w a s  a l s o  der ived .  
The p a r t i c l e  s u r f a c e s  must be b lack  f o r  t h e  
A 
Recent experimental  work has  been concent ra ted  on t h e  achievement of 
more e f f e c t i v e  p a r t i c l e  d i spe r s ion  and t h e  de te rmina t ion  of t h e  r a d i a t i o n  
t r a n s m i s s i v i t i e s  of p a r t i c l e  clouds. Fr5mm-y e f f o r t s ,  however, are on t h e  
des ign ing  of a p a r t i c l e  c loud  generator  which w i l l  g i v e  t h e  b e s t  p a r t i c l e  
d i s p e r s i o n  now poss ib l e .  
t r a n s f e r  and r a d i a t i o n  t r a n s m i s s i v i t y  s t u d i e s  s i n c e  t h e  r e s u l t s  i n  t h e  l a t te r  
c a s e s  depend t o  a ve ry  high degree on t h e  e x t e n t  of p a r t i c l e  agglomeration. 
This problem t a k e s  precedence over  o t h e r  h e a t  
4' 4 
A device  has been cons t ruc ted  i n  which a g a s - p a r t i c l e  mixture  i s  caused t o  ex- 
pand continuously through a small sharp-edged o r i f i c e .  
a t  t h e  o r i f i c e  c r e a t e s  an  i n t e n s e  shear ing  a c t i o n  which is  capable  of a c t i n g  
a c r o s s  very  small agglomerates and breaking  them a p a r t .  P re s su res  up t o  
1500 p s i g  are being employed. P a r t i c l e  c louds of carbon b l ack  have been 
prepared i n  which more than  one-half of t h e  agglomerates were less than  
0 . 2  micron i n  diameter.  
The r ap id  expansion 
A system f o r  measuring p a r t i c l e  c loud  t r a n s m i s s i v i t i e s  has  a l s o  been 
cons t ruc t ed .  A Beckman Model B spectrophotometer (Beckman Instruments ,  Inc . ,  
South Pasadena, C a l i f o r n i a )  i s  serv ing  as t h e  t r a n s m i s s i v i t y  measuring de- 
v i c e .  Gas-sol ids  suspensions a r e  passed through a r e c t a n g u l a r  condui t  and 
by means of a i r - c l eaned  windows a f i x e d  d i s t a n c e  a p a r t  are exposed t o  mono- 
chromatic r a d i a n t  beams genera ted  by t h e  spectrophotometer.  The decrease  
i n  i n t e n s i t y  caused by t h e  p a r t i c l e s  is  ind ica t ed  on t h e  photometer. An 
en t r ance  surge-chamber smooths v a r i a t i o n s  i n  p a r t i c l e  c loud concen t r a t ions .  
The u n i t  i s  i n  opera t ion ,  b u t  s u f f i c i e n t  q u a n t i t a t i v e  d a t a  have not  y e t  been 
accumulated t o  g ive  meaningful r e s u l t s .  Before t h e s e  measurements can be 
f u l l y  analyzed a method f o r  determining t h e  p a r t i c l e  concen t r a t ion  must be  
developed. 
It is  a n t i c i p a t e d  t h a t  work in  t h e  nea r  f u t u r e  w i l l  be p r i m a r i l y  ex- 
pe r imen ta l  wi th  each area of i n t e r e s t  -- h e a t  t r a n s f e r ,  p a r t i c l e  c loud  
genera t ion ,  and r a d i a t i o n  t r a n s m i s s i v i t y  -- being  pursued. 
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11. INTRODUCTION 
The purpose of t h i s  s tudy  i s  t o  provide  b a s i c  i n f o m a t i o n  about  t h e  
absorp t ion  of r a d i a n t  energy by p a r t i c l e  c louds.  I n  p a r t i c u l a r ,  c loud  
geometries are  of i n t e r e s t  which a r e  c y l i n d r i c a l  i n  shape and which may be  
of u s e  i n  t h e  eva lua t ion  of proposed n u c l e a r  rocket  des igns .  Recent e f f o r t s  
have been t o  ana lyze  t h e  r ad ian t  heat t r a n s f e r  process  for a uniformly 
r a d i a t i n g  c y l i n d e r  w a l l  t o  an  evenly d i spe r sed  p a r t i c l e  c loud wi th in  it. 
These r e s u l t s  are summarized here ,  b u t  a comprehensive t rea tment  of them i s  
a v a i l a b l e  i n  a s p e c i a l  r epor t  re leased i n  June, 1965. 
concerned wi th  methods of p a r t i c l e  c loud genera t  ion  and t r a n s m i s s i v i t y  
measurements on t h e s e  clouds.  A rev ised  experimental  approach is a l s o  
be ing  planned t o  s tudy  t h e  r ad ian t  abso rp t ion  c h a r a c t e r i s t i c s  of c louds  com- 
posed of submicron p a r t i c l e s .  
Current s t u d i e s  are 
c 
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111. RECETJT THEORETICAL HEAT T M S F E R  STUDIES 
During t h e  p a s t  year  and p a r t i c u l a r l y  i n  t h e  last r epor t ing  per iod ,  
ex tens ive  e f f o r t s  were devoted t o  t h e  c a l c u l a t i o n  of t h e  d i r e c t  r a d i a n t  h e a t  
t r a n s f e r  from a uniformly r a d i a t i n g  c y l i n d e r  w a l l  t o  a n  evenly d i spe r sed  
p a r t i c l e  c loud wi th in  t h e  enclosure.  
t h e  d i r e c t  r a d i a n t  h e a t  t r a n s f e r  t o  p a r t i c l e s  conta ined  i n  ad jacen t ,  un- 
heated,  ex tens ions  of t h e  enclosure.  While a comprehensive t rea tment  is  
given i n  a recent  Spec ia l  Report, a b r i e f  summary i s  presented  he re .  
Calcu la t ions  were a l s o  developed for 
A. Development of Equations and Calculated Resu l t s  
If t h e  b a s i c  r e l a t i o n s h i p s  f o r  b l ack  body r a d i a t i o n  are considered,  
t h e  n e t  r ad ian t  in te rchange  between two b lack  s u r f a c e s  may be descr ibed  by 
are t h e  b l ack  body r a d i a t i o n  i n t e n s i t i e s  normal t o  b n l  and Lbn2 where i 
t h e  d i f f e r e n t i a l  area dAl and dAz, B 
normal d i r e c t i o n  t o  t h e  su r faces  and t h e  l i n e  segment 
and f3 1 2 are t h e  ang le s  between t h e  
S connect ing them. 
For  t h e  p a r t i c u l a r  problem inves t iga t ed  h e r e  t h e  geometric v a r i a b l e s  are 
shown i n  F igure  1, t h i s  expression becomes 
. -  
0 0 0 0 - z  
where t h e  r a d i a t i o n  i n t e n s i t y  i s  a t t e n u a t e d  exponen t i a l ly  wi th  d i s t a n c e  
(e-kS) and t h e  p a r t i c l e s  were s u f f i c i e n t l y  low i n  temperature  not  t o  
back r a d i a t e  s i g n i f i c a n t l y  t o  t h e  w a l l ,  i . e . ,  
are: 
= 0. The o t h e r  terms 
%nP 
knw, t h e  normal w a l l  i n t e n s i t y ;  L, t h e  c y l i n d e r  length ;  R, i ts  
4 
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End View 
P r o j e c t i o n  
Area on Wall 
L o n g i t u d i n a l  P i  c t o r a l  View 
Figure 1. Def in i t i on  of Geometric Var iab les  f o r  Tube Radiat ing 
t o  Enclosed P a r t i c l e  Cloud. 
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r ad ius ;  y and z (d i s t ance ) ;  and and 8 ( ang le s )  desc r ib ing  t h e  geometric 
l o c a t i o n  of a d i f f e r e n t i a l  w a l l  element dA t h a t  r a d i a t e s  t o  a d i f f e r e n t i a l  
amount of a e r o s o l  su r f ace  dA . The i n t e g r a l  h e a t  t r a n s f e r  equat ion w a s  re- 
W 
P 
w r i t t e n  as 
0 0  
where 
and t h e  8 i n t e g r a t i o n  w a s  performed t o  g ive  t h e  c o e f f i c i e n t  21-c. 
I w a s  evaluated a n a l y t i c a l l y  by means of a series expansion of e . The 
subsequent i n t e g r a t i o n s  f o r  $ and r were performed numerical ly  by use  of 
c losed  form Newton-Cotes quadrature  formulae.  The i n t e g r a l  equat ion  w a s  
so lved  f irst  f o r  a p a r t i c u l a r  set of cond i t ions  apply ing  t o  a concurrent  ex- 
per imenta l  i n v e s t i g a t i o n ;  ca l cu la t ions  were made l a t e r  t o  apply  t o  o t h e r  
systems. 
The i n t e g r a l  
-kS 
A gene ra l i zed  c o r r e l a t i o n  w a s  produced f o r  r a d i a t i o n  systems of s p e c i f i c  
i n t e r e s t  t o  t h i s  i n v e s t i g a t i o n  t h a t  r e l a t e d  t h e  rate of h e a t  absorp t ion ,  
r a d i a t i o n  i n t e n s i t y ,  c y l i n d e r  length and rad ius ,  and p a r t i c l e  c loud a t -  
t e n u a t i o n  cons t an t s .  
o r  ED i s  p l o t t e d  versus  L/R wi th  kR as a parameter.  
2 The r e s u l t s  are given i n  F igure  2 where B / ( L ~ ~ ~ ) ( I - ~ R  ) 
The o r d i n a t e  r ep resen t s  t h e  rate of h e a t  absorbed p e r  u n i t  r a d i a t i o n  i n -  
t e n s i t y  p e r  u n i t  c r o s s  s e c t i o n a l  a rea  and i s  s o l e l y  determined by t h e  geometri-  
c a l  term L/R and t h e  abso rp t ion  parameter kR. 
s o r p t i o n  o r d i n a t e  inc reases  wi th  the  a b s o l u t e  va lue  of kR and f i n a l l y  when kR 
is i n f i n i t e  t h e  abso rp t ion  i s  a maximum given by t h e  uppermost l i n e .  This  
For  a cons tan t  L/R, t h e  ab- 
6 
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Figure 2.  General ized Corre la t ion  for t h e  Absorption of Radiant 
Energy by an Evenly Dispersed P a r t i c l e  Cloud wi th in  a 
Uniformly Radiating Cy l ind r i ca l  Enclosure.  
100 
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l i m i t i n g  curve r ep resen t s  t h e  t o t a l  emissive power of t h e  system enclosure,  
and t h e  equat ion f o r  it i s  
Because t h e  t o t a l  emi t ted  energy i s  represented ,  t h e  p l o t  has t h e  
d e s i r a b l e  f e a t u r e  t h a t  t h e  absorp t ion  e f f i c i e n c y  i s  immediately a v a i l a b l e  
by inspec t ion ;  it i s  only necessary t o  d i v i d e  t h e  o r d i n a t e  f o r  a g iven  
system by t h e  t o t a l  emission represented by t h e  uppermost curve.  
f i c i e n c y ,  then  is  
The ef-  
Each parametr ic  curve has  three d i s t i n c t  regions c l a s s i f i a b l e  by t h e  L/R 
r a t i o .  
v e r y  n e a r l y  a s t r a i g h t  l i n e .  
For very  small or very  l a rge  va lues  of t h e  a b i s c i s s a ,  each curve i s  
Between t h e s e  reg ions  each curve has  a var2able  
s l o p e  such t h a t  t h e  func t ions  are smoothly continuous between t h e  two 
c h a r a c t e r i s t i c a l l y  l i n e a r  regions.  The l i n e a r  ex tens ions  of  t h e  curves 
make them s u i t a b l e  f o r  i n d e f i n i t e  ex t r apo la t ion .  
B. Cons t ruc t ion  of Addi t iona l  Parametric Curves 
While t h e  gene ra l i zed  graph gives  a c c u r a t e l y  t h e  e f f e c t  of t h e  geometric 
v a r i a b l e s ,  t h e  p a r t i c l e  c loud absorpt ion p r o p e r t i e s  were l i m i t e d  t o  s e l e c t e d  
paramet r ic  curves  f o r  kR, and i n t e r p o l a t i o n  between them i s  unce r t a in .  The 
da ta ,  however, may b e  r e p l o t t e d  t o  y i e l d  r e s u l t s  f o r  any va lue  of kR, i f  L/R 
8 
i s  made t h e  parameter.  
except  near  t o t a l  absorp t ion ,  and r e s u l t s  f o r  a p a r t i c u l a r  kR can be read 
ve ry  a c c u r a t e l y .  
t h e  r equ i r ed  L/R. 
t h e  process  i s  repeated f o r  s eve ra l  L/R va lues  and as many p o i n t s  as d e s i r e d  
can b e  p l o t t e d  on t h e  gene ra l i zed  graph, and t h e  new curve cons t ruc ted .  
c h a r t s  of t h i s  na tu re  are given i n  F igures  3 through 7 f o r  several widely 
spaced L/R. values .  The cons t ruc t ion  of a d d i t i o n a l  curves  by t h i s  method 
i s  v e r y  accu ra t e  and r e s u l t s  from t h e  procedure were checked wi th  t h e  com- 
p u t e r  and almost exac t  agreement was found. 
however, c a l c u l a t e d  data were n o t  obtained because of a r i t h m e t i c  o r  ex- 
p o n e n t i a l  overflows i n  t h e  computer ope ra t ions ,  u n s u i t a b l e  accuracy i n  p a r t i a l  
r e s u l t s ,  and u n s a t i s f a c t o r y  convergence. Ex t r apo la t ion  of t h e s e  d a t a  t o  
kR va lues  l a r g e r  t han  those  g iven  may be a t tempted  b u t  t h e  r e s u l t s  w i l l  be  
o u t s i d e  t h e  range of  computations. 
The graph, f o r  t h e  most p a r t ,  i s  ve ry  n e a r l y  l i n e a r ,  
If only  one system i s  be ing  s tud ied ,  t h e  p l o t  i s  made f o r  
If ,  however, a completely new paramet r ic  curve is needed 
Five  
For  p o i n t s  nea r  t o t a l  absorp t ion ,  
C. U s e  of t h e  General ized Chart  
The gene ra l i zed  graph w a s  developed s p e c i f i c a l l y  f o r  t h e  eva lua t ion  of 
t h e  abso rp t ion  of r a d i a n t  energy by c louds o f  uniformly d i spe r sed  b l ack  
p a r t i c l e s  while  w i th in  a black,  uniformly r a d i a t i n g  cy l inde r .  The r e s u l t  
f o r  a p a r t i c u l a r  problem i s  obtained by forming t h e  length- to- rad ius  r a t i o  
and t h e  abso rp t ion  parameter,  kR; determining t h e  corresponding o r d i n a t e  f o r  
t h e s e  va1ues;and mul t ip ly ing  t h i s  number by t h e  r a d i a t i o n  i n t e n s i t y  and t h e  
c r o s s  s e c t i o n a l  area of t h e  enclosure.  
direct  emission from t h e  r a d i a t i n g  w a l l ;  t h e  va lue  d iv ided  by t h e  t o t a l  emis- 
s i o n  from t h e  enc losure  g ives  the  par t ic le  c loud  abso rp t ion  e f f i c i e n c y .  This  
i s  t h e  primary u s e  of t h e  genera l ized  graph. 
The r e s u l t  i s  t h e  h e a t  absorbed by  
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If t h e  t o t a l  l eng th  of an  enclosure i s  not  hea ted  and unheated s e c t i o n s  
extend beyond t h e  hea ted  region, t he re  i s  a d d i t i o n a l  abso rp t ion  of r a d i a t i o n  
by p a r t i c l e s  en t r a ined  i n  t h e  unheated ex tens ions .  
The r e l a t i o n s h i p  
E - E  
= (n+ l )x  - Enx X 
X 2 
g ives  t h e  absorp t ion  by t h e  p a r t i c l e  c loud whi le  it i s  i n  a n  unheated exten-  
s i o n  having a length- to- rad ius  r a t i o  x 
of enc losure  having a length- to- rad ius  r a t i o  of nx, where n is  t h e  f a c t o r  
express ing  t h e  number of times t h e  hea ted  l eng th  i s  longe r  o r  s h o r t e r  than  t h e  
t h a t  i s  ad jacent  t o  a hea ted  p o r t i o n  
and E are o r d i n a t e s  read from ( n+ 1 1x7 7 X 
unheated s e c t i o n .  The q u a n t i t i e s  E 
F igure  2 f o r  t h e  t o t a l  enc losure  length  be ing  considered,  t h e  hea ted  length ,  
and t h e  unheated length ,  respec t ive ly .  The s u b s c r i p t s ,  (n+l )x ,  nx, and x are 
t h e  l eng th - to - r ad ius  r a t i o s  f o r  the t o t a l  enc losure  length ,  t h e  hea ted  length ,  
and t h e  unheated extension,  r e spec t ive ly .  The complementary r e l a t i o n s h i p  
a l s o  holds ,  
- E  - E  
X 
E 
= (n+ l )x  nx 
nx 2 (7) 
where x 
unheated l eng th .  
is t h e  l eng th - to - r ad ius  r a t i o  f o r  t h e  hea ted  l eng th  r a t h e r  than  t h e  
The u t i l i t y  of t h e  ex tens ion  formulas may be demonstrated by s p e c i f i c  
exaniples. Take, f o r  ins tance ,  a cy l inde r  w i th  an  L/E r a t i o  of 3.0 con ta in ing  
a p a r t i c l e  c loud wi th  a kR va lue  of 1.0. When an  unheated ex tens ion  equal  t o  
one-half  t h e  hea ted  length  i s  involved, equat ion (6)  i s  a p p l i c a b l e  and n i s  
2 .  The h e a t  absorbed by p a r t i c l e s  whi le  t h e y  are i n  t h e  ex tens ion  i s  
- E  @p, %x - E2x x 
X 2 
where E 
and E 
p o i n t s  f o r  t h e  L/R r a t i o s  r e f l e c t  t h e  changes i n  c y l i n d e r  l eng th  be ing  con- 
s idered ,  s i n c e  t h e  r ad ius  i s  t h e  same f o r  a l l  cases .  If t h e r e  are exten-  
i s  t h e  gene ra l i zed  ord ina te  f o r  L/R of 1.5,  E 
X 2x f o r  an L/R of 3.0, 
f o r  a n  L/R of 4 .5 ,  each being e s t a b l i s h e d  on the  curve,  kR = 1. The 
3x 
s i o n s  on bo th  ends of t h e  hea ted  length,  c a l c u l a t i o n s  are made for each 
s e p a r a t e l y .  When bo th  ex tens ions  a r e  t h e  same, t h e  r e s u l t  f o r  one length  
i s  doubled. 
In  t h e  preceding example, i f  t h e  unheated l eng th  were f i v e  times t h a t  
of  t h e  hea ted  s e c t i o n  t h e  r e s u l t  would be 
where aga in  x i s  t h e  L/R r a t i o  of t h e  b a s i c  hea ted  l eng th .  The unheated-to-  
hea ted  l eng th  r a t i o  does not  have t o  be i n t e g r a l .  For  in s t ance ,  it may be 
5.5 and t h e  a d d i t o n a l  h e a t  absorp t ion  would be 
- E  - E  E6.5x 5 . 5 ~  X d = 2 5.5x 
Eb For each example, AE? o r  AJ37, whichever is needed, is  t o  be added t o  11x’ 
f o r  t h e  hea ted  l eng th  t o  o b t a i n  the t o t a l  r e s u l t  f o r  t h e  system. 
I n  performing t h e  ca l cu la t ions  f o r  s p e c i f i c  cases  it may be  found t h a t  
t h e  t o t a l  abso rp t ion  (E + a) does no t  i nc rease  ve ry  smoothly wi th  inc reas ing  
unheated length .  This cond i t ion  r e s u l t s  from inaccurac i e s  i n  reading  t h e  
gene ra l i zed  graph. To o b t a i n  improved r e s u l t s ,  it may b e  necessary,  i n  
p a r t i c u l a r  f o r  L/R over  un i ty ,  t o  cons t ruc t  a l a r g e r ,  more accu ra t e  graph 
by t h e  u s e  of F igures  3 through 7 as a l r e a d y  descr ibed .  
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D. Appl ica t ion  t o  Other Types of Radiation 
While t h i s  i n v e s t i g a t i o n  was concerned w i t h  thermal  r a d i a t i o n ,  t h e  b a s i c  
equat ions  and r e s u l t s  are app l i cab le  t o  a l l  forms of e lec t romagnet ic  and f i e l d -  
emission r a d i a t i o n .  One conceivable u s e  might be the  eva lua t ion  of  t h e  r ad ia -  
t i o n  dosage an  a e r o s o l  r ece ives  while pass ing  through a c y l i n d r i c a l  enc losure  
wi th  nuc lea r  r a d i a t i o n  coming i n t o  i t s  i n t e r i o r .  
d i r e c t l y  i f  a r a d i a t i o n  c ross -sec t ion  va lue  f o r  t h e  suspended p a r t i c l e  i s  
The c a l c u l a t i o n  may b e  made 
known. 
E. Other Important Var iab les  
For  many systems, t h e  descr ibed c a l c u l a t i o n s  are  adequate .  Frequent ly ,  
however, e i t h e r  the w a l l  enclosure or t h e  p a r t i c l e  su r faces ,  or both ,a re  not 
p e r f e c t  absorbers  and adjustments  i n  t h e  c a l c u l a t i o n s  may be requi red .  The 
e m i s s i v i t y  of t h e  w a l l  is  f i rs t  taken i n t o  account when t h e  r a d i a t i o n  i n -  
t e n s i t y  i s  evaluated;  t h e  c a l c u l a t i o n s  as descr ibed ,  however, are unaf fec ted  
a t  t h i s  p o i n t .  If r a d i a t i o n  crosses  t h e  enc losure  and i s  i n t e r c e p t e d  by t h e  
w a l l  sur face ,  it is  p a r t l y  absorbed and p a r t l y  r e f l e c t e d .  The r e f l e c t e d  
energy is a v a i l a b l e  f o r  f u r t h e r  absorp t ion  by t h e  p a r t i c l e s  and t h e  i n f i n i t e l y  
cont inuing  process  adds t o  t h e  heat t r a n s f e r  as more r e f l e c t i o n s  occur .  Only 
t h e  first f e w ,  perhaps two or th ree ,  need be considered i n  many cases .  
If t h e  energy in t e rcep ted  by t h e  w a l l  from each emsssion i s  evaluated,  
t h e s e  r e f l e c t i o n s  may be  t r a c e d  and t h e i r  c o n t r i b u t i o n  t o  t h e  o v e r a l l  r e s u l t  
c a l c u l a t e d .  It i s  feasible t o  a t tempt  t h e s e  c a l c u l a t i o n s ,  b u t  a d e t a i l e d  
s t u d y  is  requi red  be fo re  gene ra l  conclusions can be s t a t e d .  It i s  reasonable  
t o  expect ,  however, t h a t  s i t u a t i o n s  wi th  l a r g e  w a l l  e m i s s i v i t i e s  should cor -  
respond very c l o s e l y  t o  t h e  i d e a l  s o l u t i o n .  If, f o r  example, t h e  w a l l  emis- 
s i v i t y  i s  0.75 then  only  one-fourth of t h e  r a d i a t i o n  i n t e r c e p t e d  by t h e  w a l l s  
i s  r e f l e c t e d .  
t h e  w a l l ,  hence t h e  r e f l e c t e d  energy may be neglec ted .  If t h e  a e r o s o l  i s  
weakly absorbing, a l a r g e  p o r t i o n  of  t h e  energy may be i n t e r c e p t e d  by t h e  
w a l l ,  t h e  ex ten t  of i n t e r c e p t i o n  being dependent on t h e  wal l - to-wal l  view 
f a c t o r .  When t h e  r e f l e c t e d  energy t r a v e r s e s  t h e  ae roso l ,  p a r t  of it i s  ab- 
sorbed t h e r e i n ,  and, i n  terms of a percentage,  t h i s  p a r t  i s  approximately t h e  
same as f o r  t h e  o r i g i n a l  d i r e c t  emission. 
t h e  d i r e c t  emission can be  r e f l ec t ed ,  t h e  a d d i t i o n a l  abso rp t ion  i s  no more 
than  about  25 p e r  cent  of t h e  f i r s t - p a s s  abso rp t ion .  
occurs  only  when t h e  wal l - to-wal l  view f a c t o r  approaches u n i t y .  
r e f l e c t i o n s  may be considered b u t  t hey  c o n t r i b u t e  l i t t l e ;  t h e  second r e f l e c -  
t i o n  amounts only t o  about 6 p e r  cent  of t h e  abso rp t ion  by d i r e c t  r a d i a t i o n .  
Hence, it may be concluded t h a t ,  q u a l i t a t i v e l y ,  a maximum e r r o r  due t o  i m -  
p e r f e c t  w a l l  e m i s s i v i t i e s  can be est imated if t h e  first f e w  r e f l e c t i o n  proces- 
ses and t h e  wal l - to-wal l  view f a c t o r s  are  considered.  
If t h e  a e r o s o l  is h ighly  absorb ing  very  l i t t l e  energy reaches 
Since a maximum of 25 p e r  cen t  of 
The maximum abso rp t ion  
Subsequent 
Imperfect abso rp t ion  by the p a r t i c l e s  is more complicated.  A first ap- 
proximation f o r  a b s o r p t i v i t i e s  less than  u n i t y  i s  t o  mul t ip ly  t h e  i d e a l  r e s u l t  
by t h e  a b s o r p t i v i t y  of t h e  p a r t i c l e s .  The r e s u l t s  f o r  p a r t i c l e  a b s o r p t i v i t i e s  
l e s s  than,  b u t  near ,  u n i t y  should be a c c u r a t e  wi th in  a f e w  p e r  cen t ;  t hey  may 
be es t imated  as above. 
by s c a t t e r i n g  p a t t e r n s ,  changes i n  a t t e n u a t i o n  c o e f f i c i e n t ,  and view f a c t o r  
cons ide ra t ions ,  t o  mention some o€ t h e  more important v a r i a b l e s .  Add i t iona l  
s t u d y  i s  recommended. 
r a d i a t i o n  t o  which it i s  c l o s e l y  r e l a t ed .  
Fur ther  and more p r e c i s e  adjustments  are complicated 
The problem should be considered a long  wi th  back- 
S t i l l  ano the r  a r e a  r equ i r ing  f u r t h e r  i n v e s t i g a t i o n  i s  t h e  e f f e c t  of 
a e r o s o l  temperature  v a r i a t i o n s  on back- rad ia t ion  and a t t e n u a t i o n  c o e f f i c i e n t s .  
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It i s  be l i eved  t h a t  t h i s  work can r e a d i l y  be extended t o  desc r ibe  t h e s e  more 
involved problems. 
F. Comparison of Theore t i ca l  Development wi th  Experimental  Resul t s  
Throughout a cons iderable  por t ion  of t h i s  i n v e s t i g a t i o n ,  experimental  
d a t a  were c o l l e c t e d  f o r  a e r o s o l s  of f e r r o u s  s u l f i d e ,  cupr i c  oxide,and z inc .  
P a r t i c l e  s i z e s  were c h i e f l y  between 20 t o  30, 30 t o  44, 44 t o  53, 53 t o  88 
microns f o r  t h e  f e r r o u s  s u l f i d e  and cupr i c  oxide powders and 1 t o  10 microns 
f o r  t h e  z inc .  P a r t i c l e  c louds of these  materials, when exposed t o  a r a d i a n t  
h e a t  f l u x  of 17,600 Btu/hr f t  
1.014 fee t  long, absorbed up t o  f i f t e e n  p e r  cent  of t h e  r a d i a t i o n  t r a n s m i t t e d  
through t h e  enc losure  w a l l .  
t h e  t h e o r e t i c a l  c a l c u l a t i o n s .  The comparisons are given i n  F igures  8 and 9. 
2 i n  a 0.0526-foot diameter qua r t z  condui t  
The experimental  d a t a  were employed i n  t e s t i n g  
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Figure 8. Theore t i ca l  Curve and Experimental Data for Ferrous S u l f i d e  
and Cupric Oxide Aerosol Rela t ing  Absorption Ef f i c i ency  
and At tenuat ion  Coeff ic ien t .  
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I V .  EXPERIMENTAL STUDIES 
A. Dispersion of P a r t i c l e s  i n  Gases 
E f f e c t i v e  dis-pers ion of p a r t i c l e s  i n  gaseous media is  a problem of 
fundamental importance t o  t h e o r e t i c a l  s t u d i e s  of r a d i a t i o n  hea t  t r a n s f e r  and 
p a r t i c l e  c loud t r a n s m i s s i v i t y .  
of p a r t i c l e - g a s  systems f o r  absorbing r a d i a n t  energy, because a w e l l -  
d i spe r sed  p a r t i c l e  c loud absorbs and s c a t t e r s  energy much more e f f i c i e n t l y  
than  p a r t i c l e  systems having extensive agglomerates.  
It i s  a l s o  important  t o  p r a c t i c a l  a p p l i c a t i o n s  
Agglomerates i n  p a r t i c l e  clouds arise from t h e  incomplete sepa ra t ion  of 
powdered materials i n t o  discrete p a r t i c l e s  and from p a r t i c l e  agglomeration 
a f t e r  d i spe r s ion .  The degree of d i spers ion  depends on the na tu re  of t h e  
powdered material and t h e  e f f ec t iveness  of t h e  p a r t i c l e - c l o u d  genera t ing  
mechanism. P a r t i c l e s  have mutual a t t r a c t i o n  mainly because of van der Waals 
f o r c e s ,  e l e c t r o s t a t i c  fo rces ,  and i n t e r f a c i a l  adhesions caused by s u r f a c e  
cond i t ions .  One method t o  improve d i spe r s ion  e f f i c i e n c i e s  then  is  t o  treat  
powdered materials f o r  t h e  removal of adverse  su r face  contaminants and f o r  t h e  
minimizat ion of e l e c t r o s t a t i c  e f f e c t s .  Another, of course,  i s  t o  dev i se  
methods t h a t  produce seve re  shear ing a c t i o n  a c r o s s  small agglomerates,  t h u s  
e f f e c t i n g  be t te r  f r a c t i o n a t i o n  of them. The l a t t e r  approach i s  be ing  pursued. 
While t h e r e  are many d i f f e r e n t  types  of p a r t i c l e  c loud gene ra to r s  
u t i l i z i n g  d i f f e r e n t  mechanisms t o  d i s p e r s e  p a r t i c l e s  for var ious  purposes,  
much improvement i n  t h e  r e s u l t i n g  suspensions i s  s t i l l  d e s i r a b l e ,  p a r t i c u l a r l y  
f o r  t h e  process ing  of submicron carbon p a r t i c l e s .  
s e n t i a l  t h a t  agglomeration be reduced t o  a minimum and t h a t  p a r t i c l e  c louds 
b e  of  i n v a r i a n t  concent ra t ion .  Experiments, t e s t i n g  some p o s s i b l e  des igns ,  
I n  t h i s  s tudy  it i s  es- 
have been i n i t i a t e d ,  and devices  i n  which a g a s - p a r t i c l e  mixture  is  c a u s e d t o  
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expand suddenly through a s m a l l ,  sharp-edged o r i f i c e  are be ing  s tud ied .  
Rapid expansion a t  t h e  o r i f i c e  c rea t e s  an in t ense  shea r ing  a c t i o n  which is  
capable of a c t i n g  ac ross  very  small agglomerates and breaking them a p a r t .  
n i t rogen  regulabed t o  pressures  of 750, 1000, and 1500 p s i g  is  t h e  c a r r i e r  
Dry 
gas .  
The genera tor  being evaluated i s  shown schemat ica l ly  i n  F igures  10 and 
11. A s  may be  seen from t h e  f igu res ,  a powder supply, contained i n  a high 
p res su re  c y l i n d r i c a l  enclosure,  r e s t s  on an o r i f i c e  p l a t e  which has  s i x  sharp 
o r i f i c e s  of 1/32 inch i n  diameter .  
t h e  small openings i n t o  a mixing chamber by t h e  v i b r a t o r y  a c t i o n  of a 
Syntron, model F-010, v i b r a t o r  (Syntron Company, Homer City,  Pennsylvania) 
The powder i s  caused t o  f eed  through 
on which t h e  genera tor  i s  mounted. C a r r i e r  gas, i n  t h i s  case  high pressure  
n i t rogen ,swir l s through t h e  mixing chamber and e n t r a i n s  t h e  p a r t i c l e  c l u s t e r s .  
From t h e r e  t h e  newly formed suspension flows through a s h o r t ,  small tube  
and emerges from a sharp-edged,circular o r i f i c e ,  0.016 inch i n  diameter .  The 
r a p i d  expansion and a s soc ia t ed  high shear ing  a c t i o n  e f f e c t i v e l y  t ransforms 
t h e  agglomerated suspension i n t o  a much improved d i spe r s ion  of p a r t i c l e s .  
The process  i s  made s t i l l  more e f f e c t i v e  by t h e  impingement of t h e  gas- 
p a r t i c l e  mixture on an impactor p l a t e  l oca t ed  approximately 1/4 inch from 
t h e  o r i f i c e .  
P a r t i c l e  clouds of submicron carbon p a r t i c l e s  (Spheron 6, Cabot 
Corporation, Boston 10, Massachusetts) have been produced by t h i s  technique 
and t h e i r  degree of d i spe r s ion  have been deduced from e l e c t r o n  micrographs 
c o l l e c t e d  wi th  a Goetz, model E, spectrometer (Zimney Corporation, Monrovia 
C a l i s o r n i a )  and a Numinco, model MIC-501,  thermal  p r e c i p i t a t o r  (Numinco, 
Monroeville,  Pennsylvania).  While t h e s e  sampling instruments  appear  t o  be 
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Figure 10. P a r t i c l e  Cloud Generator.  
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Figure  11. Syntron Vibra-Drive Unit and P a r t i c l e  Cloud Generator Assembly. 
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adequate  f o r  t h e  p re sen t  s t u d i e s ,  it must be remembered t h a t  t h e  ind ica t ed  
degree  of d i spe r s ion  is  h igh ly  dependent on t h e  c o l l e c t i o n  procedure and t h e  
methods of microscopic examination. 
p a r t i c l e  and agglomerate s i z e s  from such suspension d e p o s i t s .  
e l e c t r o n  micrographs are requi red .  
Caution must b e  exe rc i sed  i n  deducing 
For t h i s  
The Goetz a e r o s o l  spectrometer  is a device  which o f f e r s  q u a n t i t a t i v e  
I ts  p r i n c i p l e  c o l l e c t i o n  and s i z e  c l a s s i f i c a t i o n  of a i r -bo rne  p a r t i c l e s .  
of ope ra t ion  is  based on t h e  app l i ca t ion  o f  i n t e n s i v e  c e n t r i f u g a l  f o r c e s  t o  
a continuous,  laminar-flowing stream of t h e  ae roso l .  
wi th  two i d e n t i c a l  h e l i c a l  channels on a c o n i c a l  r o t o r  such t h a t ,  when t h e  
r o t o r  is t u r n i n g  a t  a h igh  rate of speed, p a r t i c l e s  pass ing  through t h e  
channels  are depos i ted  accord ing  t o  s i z e  a long  t h e  o u t e r  s u r f a c e  of t h e  
The device  is  cons t ruc ted  
h e l i c a l  channel.  
metal s h e e t  wrapped around t h e  r o t o r  and may be removed f o r  s tudying  t h e  
The covering sur face  is formed by paper,  p l a s t i c ,  o r  t h i n  
c o l l e c t e d  p a r t i c l e s .  While t h e  instrument has  been found capable  of 
f r a c t i o n a t i n g  p a r t i c l e  s i z e s  a long t h e  channel length ,  t h e  submicron carbon 
p a r t i c l e s  employed he re  were not  separa ted  according t o  s i z e .  
speeds of 12,000 rpm, however, a s u i t a b l y  d i l u t e  depos i t  f o r  microscopic 
s t u d y  w a s  obtained.  The c o l l e c t i o n  e f f i c i e n c y  w a s  about  f i f t y  p e r  cent  as 
determined by pass ing  t h e  exhaust gas through a m i l l i p o r e  f i l t e r  (Type GS, 
M i l l i p o r e  F i l t e r  Corporation, Bedford, Massachuset ts) .  The l o w  c o l l e c t i o n  
A t  r o t o r  
e f f i c i e n c y  ind ica t ed  t h a t  t h e  d i spe r s ion  w a s  ve ry  good and many p a r t i c l e s  
i nc lud ing  agglomerates were less than  0.2 microns. 
p a r t i c l e s  c o l l e c t e d  by t h e  Goetz ae roso l  spectrometer  are given i n  F igure  12 ,  
where t h e  l a r g e r  s i z e  agglomerates are represented.  
Micrographs of t h e  
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Figure 12.  Carbon Black P a r t i c l e s  Col lec ted  by Goetz Aerosol 
Spectrometer.  
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P a r t i c l e s  no t  c o l l e c t e d  by the  Goetz a e r o s o l  spectrometer  were c o l l e c t e d  
* 
by thermal  p r e c i p i t a t i o n  and t h e  depos i t s  were photographed f o r  observing t h e  
s i z e  of t h e  escaping p a r t i c l e s .  The r e s u l t s  a r e  given i n  Figure 13. A s  shown, 
t h e  agglomerates s t i l l  contain seve ra l  p a r t i c l e s  bu t  t h e  t o t a l  s i z e  of t h e  
agglomerates is q u i t e  small ( l e s s  than 0 .2  micron).  These r e s u l t s  a r e  en- 
couraging s ince ,  t h e s e  p a r t i c l e s  were shown t o  c o n s t i t u t e  over  h a l f  of t h e  
d ispersed  mass. 
B. Radiat ion Transmiss iv i t i e s  of P a r t i c l e  Clouds 
The r a d i a t i o n  t r a n s m i s s i v i t i e s  of carbon p a r t i c l e  clouds a r e  be ing  
s t u d i e d  with t h e  p a r t i c l e  cloud generator  descr ibed .  
p l o r a t o r y  observa t ions  have been made, bu t  it appears  t h a t  a s a t i s f a c t o r y  
b a s i c  system f o r  t h e  inves t iga t ion  has  been assembled. 
are expected. 
Inc . ,  South Pasadena, Ca l i fo rn ia )  is se rv ing  as t h e  t r a n s m i s s i v i t y  measuring 
device.  
schemat ica l ly  i n  Figure 14. There it may be  seen t h a t  an a e r o s o l  i s  gederated 
and d i r e c t e d  i n t o  a surge chamber from which it emerges a t  an e s s e n t i a l l y  con- 
s t a n t  p a r t i c l e  concent ra t ion  i n t o  t h e  r ec t angu la r  duct  lead ing  t o  t h e  spec- 
trophotometer.  
i n  t h e  region where t h e  t r ansmiss iv i ty  measurements are made. 
a i r ' a d j a c e n t  t o  t h e  windows keeps them from be ing  clouded by depos i ted  
p a r t i c l e s .  
A s  ye t ,  on ly  ex- 
Modif icat ions,  however, 
A Beckman, model B, spectrophotometer  (Beckman Instruments ,  
The assembly of t h e  main component p a r t s  of t h e  appara tus  i s  shown 
A long channel i s  provided t o  c r e a t e  a s teady  flow condi t ion  
A t h i n  j e t  of 
* 
Thermal p r e c i p i t a t i o n  is t h e  c o l l e c t i o n  of p a r t i c u l a t e  matter from an 
a e r o s o l  by t h e  passage of t h e  ae roso l  between two, c l o s e l y  spaced p l a t e s  
( u s u a l l y  l e s s  t han  O . O l 5 "  apar t ) ,  one hea ted  and one cooled. 
g r a d i e n t  between t h e  p l a t e s  dr ives  t h e  suspended material t o  t h e  coo le r  sur- 
f a c e .  
cen t  complete. 
The thermal  
The c o l l e c t i o n  e f f i c i e n c y  is f o r  p r a c t i c a l  purposes one hundred p e r  
28 
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Figure 14. Apparatus f o r  Measuring Particle Cloud Transmisivities. 
30 
Data are be ing  taken of t h e  t ransmi t tance  and absorbance of  known a e r o s o l  
p a r t i c l e  concent ra t ions  a t  s p e c i f i c  wave lengths  of the  l i g h t  pass ing  through 
t h e  a e r o s o l .  The a t t e n u a t i o n  is t o  be eva lua ted  by t h e  r e l a t i o n  
I s = I e  -kS 
0 
where I and I are the i n i t i a l  and f i n a l  i n t e n s i t i e s  a f te r  pass ing  a d i s -  
0 S 
t a n c e  S through the  a e r o s o l .  The quan t i ty  k is  t h e  a t t e n a u t i o n  coef-  
f i c i e n t  and may b e  shown t o  b e  
T 
The r a t i o  I /I i s  def ined  as the  t ransmi t tance .  
s o  
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v. mRE WORK 
It is  a n t i c i p a t e d  t h a t  work in  t h e  near  f u t u r e  w i l l  be  p r imar i ly  ex- 
per imental ;  each area of i n t e r e s t  -- hea t  t r a n s f e r ,  p a r t i c l e  cloud genera t ion ,  
and r a d i a t i o n  t r a n s m i s s i v i t y  -- i s  t o  be  pursued. 
f o r  t h e  l a t te r  two va lues  have been def ined  here in .  
The means of i n v e s t i g a t i o n  
Plans f o r  a d d i t i o n a l  hea t  
t r a n s f e r  measurements a r e  be ing  made bu t  t h e  experimental  system has not  been 
completely designed. 
employed i n  t h i s  s tudy  is  t o  be  constructed,  however. 
An apparatus  r a d i c a l l y  d i f f e r e n t  from t h e  one previous ly  
Ten ta t ive ly ,  a tungs ten  
tube  i s  t o  be  heated e l e c t r i c a l l y  and t h e  h e a t  t r a n s f e r  t o  clouds of sub- 
micron p a r t i c l e s  passing through it i s  t o  b e  determined. It is d e s i r e d  t o  
cons t ruc t  t h e  new system with a length- to-diameter  r a t i o  of about one and 
t o  have t h e  diameter  as l a r g e  as poss ib le .  It appears  t h a t  e l e c t r i c a l  power 
l i m i t a t i o n s  w i l l  s e t  t h e  maximum diameter between one and two inches.  
i s  planned t h a t  a tube  w a l l  temperature of 4000° t o  5000°F w i l l  be  achieved. 
It 
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